Directive 2007/60/EC [1] sets the framework of actions aimed at restricting the negative consequences connected with floods within the European Union. The implementation of the Directive in the Polish legal system was regulated by the amended "Water Law" Act of 5 January 2011 [2] , which required member states to construct flood hazard maps and flood risk maps showing the potential adverse consequences associated with different flood scenarios by December 2013. Some of the first EU projects testing the methodology of developing such maps were the LABEL [3] and Flood Wise projects [4] . The methodology for compiling such maps in Poland was specified by a regulation [5] . Flood hazard maps contain information Pol. J. Environ. Stud. Vol. 25, No. 4 (2016), 1403-1413 
about the extent of flooding and water depths associated with different flood scenarios (sometimes together with flow velocity and direction of flow), whereas flood risk maps contain additional information about the expected consequences of these scenarios (e.g., economic damage and the number of people affected) [6] .
Constructing such maps requires the probable flows in particular profiles of the analyzed river to be established as well as their corresponding water table levels. Hydrometric measurements, on the basis of which the value of probable flows can be calculated (especially those with a small probability), are taken in relatively few small and medium-sized catchment areas. The flood probabilities used in each of the member states may vary according to the local conditions or circumstances. The work of Müller [7] provided information regarding the probabilities accepted for the flood scenarios, which were then used to prepare flood risk maps in selected member states. The basic methodology of developing flood risk management plans in Germany, including flood threat and flood risk maps, was prepared by the LAWA working group [8, 9] . On this basis, each of the federal states of Germany prepared its own detailed methodology for the implementation of Directive 2007/60/EC.
The extent of flooding and water depth, both of which are elements of flood hazard and flood risk maps, can be determined using different methods. Most often, these elements are indicated in the analysis using hydraulic models [10] [11] [12] [13] [14] [15] [16] . To make the application of these models possible, one must calculate flows with a given probability. Serving as an example, regional flood frequency analysis, which was then used in the hydraulic model to determine the area of flood hazard, was applied in [11] . In [17] , a map of flood risk was developed based on analyses using the hydrological and hydraulic models simultaneously. Geographical information system (GIS) tools are often applied in analyses aimed at preparing a flood risk map [10, [18] [19] [20] [21] .
This work presents the procedure of the rainfall-runoff (R-R) model that is used to calculate the probable flows in eight profiles of the Losse River (on the stretch from 5+476 to 7+596 km) for three flood scenarios. A computer program developed by the author was used to conduct the analysis. It was accepted that the calculated flows, with a given exceedance probability and induced by a critical rainfall duration, have the same probability of occurring as the rainfall events that brought them on. Verification of the conceptual R-R model, based on Nash's instantaneous unit hydrograph [22] , was conducted using flow values measured in the Helsa River profile (15+700 km).
Water table levels that correspond to the established values of probable flow were calculated in the German State of Hesse using the WSP-ASS water level program. The extent of the flooding and water depth for three flood scenarios were calculated based on the levels of the water table and terrain elevation data ("Digital Terrain Model"). These calculations were conducted using the ArcMap program (GIS software).
The flood scenarios for the Losse River catchment (Table 1) accepted for analyses were compiled along with scenarios formulated in the EU Floods Directive [1] and those analyzed by the Department Hydraulic Engineering and Water Resources Management at the University Kassel for the Fulda River catchment [23] [24] [25] . The final effect of the analyses was the construction of flood hazard maps for the analyzed stretch of the Losse River, for which a high risk of flooding was established based on preliminary flood risk assessment.
Methods and Materials

Characteristics of the Catchment Area
The analysis pertained to the Losse River catchment located in Hesse. The Losse (Fig. 1 ) flows into the Fulda (a tributary of the Weser) within the city limits of Kassel. The upper part of the catchment is characterized by upland and sub-alpine landscapes, while the remaining parts are lowlands. The highest and lowest points in the catchment range from 565 to 135 m.a.s.l. The average slope of the catchment is 3.8%.
The analyses presented in the work covered the subcatchments of the Losse within the limits of three main calculation profiles, i.e., the upper and lower profile, and the Helsa profile (within the Helsa city limits), in which measurements of the water depths and flows are taken (Fig. 2) . The upper and lower profiles determine the extent of the analyzed stretch of a river for which hazard risk maps have been constructed. Table 2 presents selected characteristics of the subcatchments, defined by the main calculation profiles. floods with a medium probability (likely return period ≥ 100 years) medium probability of flood: flow Q 1% medium probability of flood: flow Q 1% (Scenario 2) floods with a high probability, where appropriate high probability of flood: flow Q 10% high probability of flood: flow Q 10% (Scenario 3) 
Rainfall-Runoff Model Procedure
The probable flows analyzed in the work were established based on the R-R model using Nash's instantaneous unit hydrograph method [22, 26] to convert rainfall into runoff. It was assumed that the calculated flows of a given exceedance probability, which correspond to the flood scenarios (Table 1) , have the same probability of occurring as the rainfalls that induced them.
The rainfall-runoff procedure leading to the calculation of probable flows in selected profiles of the Losse was programmed into a computer program developed by the author (using C++ programming language). This program facilitated the analysis of individual elements of the procedure for 10 rainfalls and all calculation profiles (limiting the subcatchments) simultaneously, in the following order: -Rainfall durations (calculation/choice 1 options: times provided by the user; rainfall duration equal to the time of concentration, calculated from the Kreps model [27] ). -Exceedance probability for the analyzed rainfalls.
-Total rainfall depths of rainfall events of a given probability and varying durations (total rainfall provided by the user, rainfall depths provided by the user at given time intervals of the rainfall event, and calculating the maximum total rainfall from the model proposed by Bogdanowicz and Stachý [28] ). -Distribution of rainfall depth over the course of the rainfall event (German Association for Water, Wastewater and Waste-calculated distribution with maximum intensity in the middle of the event [29] , constant rainfall intensity during the time period, distribution proposed by Barszcz [30] , Soil Conservation Service (SCS) Type II [31] , and distribution with maximum intensity at the beginning or end of the event). -Effective rainfall depths at given time intervals of the rainfall event according to the SCS method [31] (CN: curve number parameter provided by the user; CN parameter calculated based on the measured hydrograph). -Characteristics of the instantaneous unit hydrograph, or IUH (characteristics calculated from Lutz's formulas [32] ; characteristics calculated from SCS formulas [33] ). -Nash model parameters [22] (calculation of parameters from the established IUH characteristics, parameters provided by the user, and calculation of parameters from measured rainfall-runoff events). -Nash's instantaneous unit hydrograph ordinates as well as unit hydrograph (UH) ordinates. -Direct-flow hydrographs calculated in response to rainfalls with a given exceedance probability and varying duration. -Groundwater flow hydrographs (ordinates calculated from the initial value of groundwater flow-groundwater runoff per unit area, and increase in flows over time, provided by the user). -Total flow hydrographs.
-Maximum (peak) flows for the individual total flow hydrographs in order to establish the value of a flow with a given exceedance probability induced by a critical duration of rainfall, i.e., the duration of rainfall for which the highest peak flow value was calculated [34, 32] . In order to establish the probable flow in a given calculation profile, 10 rainfalls, characterized by a given exceedance probability and accepted duration times of one to 10 hours (it was assumed that critical duration times of rainfall will be less than 10 hours), were simultaneously accepted for calculation in the program. Total rainfall depths were established based on the KOSTRA_DWD (German Weather Service) digital atlas [35] and read for the Losse River catchment area. The established values of rainfall were compared with corresponding rainfall values calculated from Bogdanowicz and Stachy's formula [28] , prepared for the region of Poland.
Based on the established sum of rainfall depths of the individual rainfall events, the distribution rainfall depth was calculated in reference to the combined times of its duration. In order to calculate the probable flows, the normalized German Association for Water, Wastewater and Waste (DVWK) distribution [29] prepared for the geographic region of Germany was chosen, with the maximum concentration of rainfall occurring during the middle of the event.
The effective rainfall depths in the individual time frames were calculated using the SCS method as described in numerous publications [31, 34, [36] [37] [38] , in which effective rainfall is dependent mainly on the type of soil (depending on the filtration coefficient of the soil, classified as belonging to soil group A, B, C, or D) and land use, as well as the soil moisture conditions in the catchment prior to occurrence of the analyzed rainfall. All of these factors are incorporated in a single CN parameter, the value of which was established for the individual subcatchments defined by the main calculation profiles, based on analysis using information obtained from soil maps and aerial photographs.
The value of the CN (III) parameter for the scenario of extreme flooding (Table 1 ) was accepted as the value calculated based on the CN (II) parameter, established in the analysis for class II of antecedent moisture conditions (AmC) in the catchment (AMC II means average conditions) [34, 39] , assuming that extreme flooding is caused by the occurrence of rainfall at a time when the soil in the catchment is fully saturated with rainwater, derived from events preceding the analyzed rainfall. The CN parameter for class three of antecedent moisture conditions in the catchment area (AMC III means high saturation of soil with water) was calculated using the following formula (1): (1) …where CN(III) is CN parameter for AMC class III in the catchment and CN(II) is CN parameter for AMC class II in the catchment.
Characteristics of instantaneous unit hydrograph (IUH; t A , u max ) were calculated based on empirical dependencies developed by Lutz [32] for the region of Germany (the symbols are given in their original form):
…where t A is time-to-peak of IUH (h), u max is peak value of IUH (h -1 ), L is length of the main watercourse (km), L C is length of the main watercourse to the geometric center of gravity of the catchment (km), IG is average slope of the main watercourse (-), U is percentage of urbanized areas (%), W is percentage of forested areas (%), P 1 is parameter dependent on the watercourse roughness coefficient (-), and P 2 and P 3 are empirical parameters according to Lutz (-).
To determine the dependencies (2 and 3) presented by Lutz, information from 75 catchment areas located mainly in the southern and western regions of Germany was used. The catchments used for analyses had a surface area ranging from 3 to 236 km 2 , and were characterized by a percentage of forest areas ranging from 0 to 100% and urbanized areas between 0 and 85%, with the average slope of the river between 0.5 and 111% [32] .
Characteristics of the instantaneous unit hydrograph were also calculated from dependencies established by SCS [33] for the USA. Comparing probable flows calculated based on IUH characteristics according to SCS and Lutz made it possible to verify these two methods in the analyzed Losse catchment.
Results and Discussions
Total Rainfall
Rainfall depths P for rainfalls with a probability of p = 1% and a duration D ranging from 1 to 10 h used to calculate probable flows for two flood scenarios (scenarios 1 and 2) have been compiled in Table 4 . Rainfall depths, established based on the KOSTRA-DWD atlas for the Losse catchment area, were compared with corresponding maximum rainfall amounts P max calculated from Bogdanowicz and Stachy's formula for the central region of Poland. The rainfall depths established using the two above-mentioned methods were very similar. Although the values of rainfall according to KOSTRA-DWD were higher than those calculated, the differences between them (ΔP) were less than 2 mm for rainfall lasting from two to 10 h. The smallest difference in rainfall depth was 0.9 mm (D = 8 and 9 h), with the highest being 6.5 mm (D = 1 h).
Similar analyses [40] , conducted for such Polish border cities located within the area covered by the KOS-TRA atlas [41] as Świnoujście, Szczecin, Kostrzyń, Gubin, Zgorzelec, and Bogatynia revealed that the intensity of rainfalls (rainfall depths) were provided in the atlas for 16 time intervals of rainfall duration (from five minutes to 72 hours) for frequencies of c = 1, 2, 5, 10, 20, 50, and 100 years, respectively, which were significantly higher than in the case of those traditionally calculated in Poland using the Błaszczyk model (used most often for modeling rainfall when sizing sewer systems). The above-mentioned analyses also revealed that for a rainfall frequency of c = 2, 5, and 10 years, an approx. 50% higher intensity of rainfall is obtained when compared to the Błaszczyk model [42] . In the same study it was determined that the depths of rainfall calculated for Poland according to Błaszczyk and Stachý's model were two-to four-times lower than rainfall depths for rain lasting 15 min. with an occurrence frequency of c = one year (the characteristics of one of the model rainfalls), indicated for 125 metrological stations located within Germany. The authors of the work [40] revealed a need to verify the amount of rainfall calculated using the model proposed by Bogdanowicz and Stachý for rainfalls characterized by very low frequencies (c = 50 and 100 years), due to a not long enough (according to the authors) period of observing intensive rainfalls (1960-90).
Analysis of CN Parameter
The value of the CN parameter in the SCS method, accepted for calculating effective rainfall depth in the analyzed catchment, was established based on the analysis of the structure of land use (Table 3 ) and types of soil in the catchment area ( (77.1-80.5%) and are characterized by an average filtration coefficient.
The established values of the CN(II) parameter for the subcatchments, corresponding to class two of antecedent soil moisture conditions in the catchment, ranged from 73.4 to 74.3 (Table 6 ). In order to calculate the probable flows for flood scenarios 2 and 3, increased values of the CN calc. parameter were accepted (Table 6 ) in relation to the value of the CN(II) parameter (approximately two units higher). The increase in the CN value resulted from the comparative analysis of calculated and measured flows, on the basis of which it was determined that the accepted values of CN calc. provide for better compatibility of both flows. The value of the CN calc. parameter calculated for class III of antecedent moisture conditions in the catchment using formula (1) was accepted for the extreme flood scenario (scenario 1).
Analyses found in the available literature indicate that in the majority of cases, empirical values of the CN parameter differs significantly from values of the parameter established according to the original method [43] . An analysis conducted for four agricultural catchments in various regions of Poland [34] revealed the empirical values of the CN parameter to be higher than values of the CN parameter calculated using the classical method by approximately 2.5-8 units.
Verification of the Rainfall-Runoff Model
The procedure of the R-R model presented in the work, accepted for calculating the probable flow in the Losse catchment, was verified based on analysis that involved comparing the measured and calculated flows with a model. Three values of flows measured in the Helsa profile -established based on the available data [44, 23] and for which the frequencies of flow occurrence c (converted to probability values p) were provided -were used for verification. The established values of measured flows are compiled in Table 8 . The value of the highest flow measured in the Helsa profile, identified as extreme [44] , amounted to 100.0 m 3 ·s -1 . Based on analyses conducted using the R-R model, flow values of a given exceedance probability, corresponding to the probability of the measured flows (Table 8) , were established. In cases of extreme flow (Q extreme ), rainfalls with an occurrence probability of p = 1% were accepted for calculations, but the value of the CN parameter applied in calculations corresponded to the extreme flood scenario (Table 6 ).
In order to establish the highest value of maximum (peak) flow for one of the analyzed hydrographs, 10 rainfalls lasting from one to 10 hours were input into the computer program for calculations simultaneously. The calculated peak flow values of each hydrograph for the sample scenario of an extreme flood, brought on by rainfalls of varying duration, are presented in Table 7 . The highest maximum river flow value, equal to 104.2 m 3 ·s -1 (resulting from rainfall with a duration of D = 4 h), was the sought river flow value used to compare measured river flow.
Values of flow calculated based on the R-R model for the accepted parameters were subject to verification. Values of the CN parameter in the SCS method of calculating effective rainfall were shown to have the highest influence on the results of the calculations (Table  6) , as well as values of instantaneous unit hydrograph (IUH) characteristics calculated for verification purposes using two methods, i.e., SCS and Lutz.
The carried out verification showed that the values of flows calculated based on empirical dependencies for establishing IUH characteristics developed by Lutz are very similar to those of corresponding flows measured in the Helsa profile (Table 8) . Flows calculated using empirical dependencies according to SCS were also similar to measured flows in the case of events with a 1.11% and 25% probability of occurring, but differed significantly for the extreme event (a relative error of 23.7%). Ultimately, dependencies proposed by Lutz were accepted to calculate probable flows used to construct flood hazard maps using the program (model). A similar analysis conducted for a small alpine catchment in Beskid Żywiecki revealed that the application of simple conceptual models (by Nash, Snyder, Wackermann, and the geomorphological model) to covert effective rainfall of a given exceedance probability into a direct runoff hydrograph does not significantly influence peak flow, regardless of the model structure and method used to estimate the parameters [45] . Maximum flow with an exceedance probability of p = 1% calculated in this analysis using Nash's model with parameters probable based on the basic characteristics of the catchment and riverbed of the analyzed river, was very similar to the flow calculated by means of the statistical method (a relative error of -2.6%). In the case of the analyzed Losse catchment, the relative error for flows with a probability of p = 1.11% established using the Lutz and SCS dependencies was found to be 2.5% and -7.7%, respectively.
Analysis of Probable Flows
The accepted R-R model, the concept of which is based on the instantaneous unit hydrograph method proposed by Nash, was applied to calculate expected flows in 8 profiles located within the analyzed stretch of the Losse, limited by profiles at km 5+476 and 7+596 of the river (the upper and lower profiles). The probable flow values in these two sample profiles calculated for three flood scenarios (Table 1 ) have been presented in Table 9 . Probable flow values accepted for analyses by the Department Hydraulic Engineering and Water Resources Management at the University Kassel [23] , which correspond to flows calculated within the present study, are included in Table 1 for comparison. In analyses conducted by the department, the flows for the extreme flood scenario (Q extreme ) were calculated based on the product of Q 1% flow values and the coefficient of 1.3 accepted for the Hesse area. Probable flows, derived from the author's own analyses as well as those accepted by the department, are similar in value for Q 1% and Q 10% (scenarios 2 and 3), but much higher in the case of my own analysis for the Q extreme scenario. Flow values used by the department to construct flood hazard maps were not subjected to verification based on measured flows.
Critical durations of rainfall (D cr ) established using the program were 5 h in the case of the extreme flood scenario (Q extreme ) and medium probability of flood (Q 1% ). For the Q 10% scenario, the critical duration of rainfall was 7 h. The conducted analyses also showed that the times of concentration (D c ), calculated from the Kreps model as 5.4 and 5.8 h (for the upper and lower profiles, respectively), were similar to the established critical durations of rainfall. The results of this analysis are in accordance with DVWK findings [29] , which indicate that the critical duration of rainfall is usually higher than the time of concentration but at the same time lower than its twofold value.
In order to verify the probable flows calculated using the R-R model, their values were compared to those calculated by means of the analogy (extrapolation) method [46, 38] . Values of flows measured in the Helsa profile (profile-analogue) and transposed to the lower lying upper profile were used in the analysis. To calculate flows in the profile analyzed for Q extreme and Q 1% scenarios, an exponent (n = 0.69) corresponding to the value of the regional exponent (Carpathian Mountains and uplands) for p = 1% as established by Stachý and Fal was used [47] . As a result of the analysis, it was established that the values of probable flows calculated by means of the analogy method were very similar to those calculated using the R-R model (Table 10 ). Calculating Water Table Levels Values of probable flows established for eight profiles located in the analyzed stretch of the Losse were used to calculate their corresponding water table levels in 52 profiles situated along this stretch. The WSP-ASS program, in which flow values for three flood scenarios and cross-section data for 52 profiles was provided, was used for the calculations. Table 11 presents sample values of water table levels observed in the lower profile (5+476 km) that correspond to the probable flows for three flood scenarios. The water table levels in the lower profile have been graphically illustrated in relation to the analyzed flood scenarios in Fig. 3 .
Flood Hazard Maps
A digital terrain model (DTM) was composed using ArcMap in order to construct flood hazard maps containing elevation points for 52 profiles on the analyzed stretch of the Losse River (from 5+476 to 7+596 km). Based on the cross-sections of 52 profiles and their corresponding levels of the water table, the extent of flooding and water depths for three flood scenarios were calculated using standard ArcMap tools as well as those programmed into the software. An example of the constructed flood hazard map, portraying the spatial distribution of water depths in the area encompassed by the catchment for the extreme flood scenario, is presented in Fig. 4 (with an aerial photograph used for the backdrop).
An assessment of flood hazard and risk in the analyzed area of the Losse River catchment was carried out based on information derived from the constructed flood map (Fig. 4) . Based on this assessment it was established that maximum water depths in the catchment area were approximately 5 m. According to the methodology developed by the National Council of Water Management [49, 50] , water depths greater than 4 m displayed on flood hazard maps are representative of areas posing a high risk to humans along with a high risk of extensive damage. The types of land use and area that they cover within the flood zone in the case of an extreme flood scenario are compiled in Table 12 .
The potential occurrence of the extreme flood scenario will cause flooding of mainly meadows (92.5%) and forest areas (4.1%). Arable land, industrial and residential areas, and areas occupied by the water treatment plant are also in the flood zone, causing adverse consequences to business activities, the infrastructure, the environment, and human health and life. 
